Abstract-Leaking from underground storage and surface spills of hydrocarbon sources can cause serious nonaqueous phase liquid (NAPL) contamination in subsurface environments. The toxic compounds of chemicals have made field study impracticable and it has been replaced by laboratory and numerical simulations. This paper introduces the methodology for two-dimensional light nonaqueous phase liquid (LNAPL) flow behavior and remediation experiments using the image analysis technique (IAT). The LNAPL flow behavior experiments are divided into qualitative and quantitative infiltration and redistribution experiments, with and without numerical modeling. The laboratory setup for the quantitative experiments emphasizes the sand tank fabrication, sand packing techniques, typical porous media properties, and the selection of the LNAPL source. In this paper, several methods of enhanced remediation experiments are discussed to explain how LNAPL extraction was carried out for remediation. The requirements and image processing in the IAT are also highlighted from the existing researches. From the discussion, this nondestructive and nonintrusive technique can provide safer and larger coverage of regions for saturation imaging of LNAPL distribution in porous media compared to other techniques. Overall, this paper discusses the laboratory works to produce a highly reliable saturation imaging and current visualization technique for characterizing and analyzing NAPL migration in 2-D aquifer models.
I. INTRODUCTION
The leaking and spills of hydrocarbons through the earth's subsurface have caused serious problems, resulting in groundwater contamination and making groundwater toxic and unsafe for drinking and irrigation purposes. The two common types of NAPLs are light nonaqueous phase liquids (LNAPLs), which have liquid densities less than that of water, and dense nonaqueous phase liquids (DNAPLs), which have liquid densities greater than that of water.
The LNAPL passes through unsaturated soil and float on the surface of groundwater while DNAPL moves downward through the saturated soil to settle. Geologic configuration is the key to disposition of NAPLs in the subsurface. For LNAPL, its movement in the unsaturated zone is of primary importance because the bulk liquid does not penetrate the saturated zone. In contrast, the structure of both saturated and unsaturated regions has a major impact on DNAPL disposition. Thus, LNAPL laboratory experiments under controlled conditions associated with numerical simulations focus mainly on the unsaturated region.
Over the past two decades, much more information has become available on laboratory and numerical simulations of NAPL. In a published review of NAPL experimental works [1] , the researchers provided an overview of NAPL flow, transport and remedial techniques in two-dimensional (2-D) laboratory aquifer models. However, this review only discussed literature published up to 1997. Subsequently, an up-to-date review on multidimensional, multifluid, intermediate-scale experiments was published to cover experimental aspects of NAPL dissolution and enhanced remediation [2] , in addition to flow behavior, saturation imaging, and tracer detection and quantification [3] . These reviews have provided comprehensive discussion concerning 2-D laboratory-scale research without emphasizing the numerical simulation exercises and visualization of results. Recently, researchers [4] have introduced the methodology for two-dimensional LNAPL experiments using the image analysis technique (IAT). The paper also emphasized the experiments with numerical simulations in which data acquisition is essential for verification and validation of numerical models.
In conjunction with a review, this paper aims to introduce the existing 2-D LNAPL flow behavior and remediation experiments that emphasize the use of IAT. We believe that the discussion of this nondestructive and nonintrusive technique can enhance the future study of LNAPL flow behavior and remediation under tropical conditions.
II. LNAPL FLOW BEHAVIOR EXPERIMENT

A. Category of Experiment
Previously, researchers have used various terms for physical aquifer models. For the purpose of this review, we use the term flow cells to refer to the aquifer models, while the term sand tank refers to the built tank with packed sand. In performing NAPL experiments, they should be categorized according to purpose: laboratory investigation or numerical validation. For the laboratory setup, numerous methods are available in the literature; however, the selection of an experimental setup normally depends on the applicability and required level of accuracy. Finally, without measurement of liquid pressures and saturations, especially by using the saturation imaging technique, data acquisition would be impossible. Flow behavior experiments are divided into qualitative and quantitative infiltration and redistribution experiments, with and without numerical modeling, are divided into DNAPL and LNAPL experiments [3] [4] . Since this review concerns only LNAPL flow behavior experiments, we highlight the dimension of flow cell, LNAPL source and porous media condition from twenty research papers as shown in Table I . The flow behavior of NAPL in the qualitative LNAPL experiments was observed without data acquisition for saturation mapping and no data were presented for numerical simulation. In comparison, the LNAPL quantitative experiments require data acquisition that is essential to establish any relationships or verify numerical models.
B. Laboratory Setup
For the purpose of the laboratory setup in quantitative experiments, materials and methods need to be specifically determined for flow cells, porous media, LNAPL source and fluid measurement devices. The size of sand tanks used for intermediate-scale LNAPL (as shown in Table I ) begins with the tank height instead of the length, in order to obtain the actual size of the fabricated sand tank. For instance, Kechavarzi et al. [5] [6] [7] used the same 180 cm-high x 120 cmlong x 8 cm-wide sand tank dimension, but the actual height of flow cells were varied among the three reported experiments. The types and thicknesses of wall materials are also important in the quest to provide better visualization for image acquisition and sensor ports installation. Sand tank walls have been made from glass, Plexiglas, Perspex, acrylic, Ultem plastic, kynar, aluminum and stainless steel.
The properties of porous media play an important role in numerical simulations. The determination of porosity, saturated conductivity and other soil properties is vital for determining input parameters for numerical models. The sand used for intermediate-scale LNAPL is normally washed and dried; it can be oven-dried at 45°C for 48 hours [8] . Moisture content measurements after oven drying verified that the moisture content of the sands was negligible [9] .
Sand-packing techniques are important to achieve uniform soil condition with respect to bulk density. Previously, the removable plastic sleeve method was used for homogeneous packing and the standard drop sieve method was used for heterogeneous packing [10] . In the removable sleeve method, a plastic liner is inserted into the column and the sand is poured gradually from the liner. The liner is then pulled evenly from the flume to produce uniform settling. For dry sand-packing, a prismatic funnel called a hopper is used to fill the tank at a continuous and uniform rate [8] . The hopper is the same width as the tank and contained two coarse screens to randomize the trajectories of the falling sand particles. The overburden fill is removed by vacuum.
The typical properties of porous media are the mean size (D 50 ), coefficient of uniformity (C U ), porosity (φ), conductivity (K s ) and van Genuchten parameters (α, n). The source of LNAPL such as gasoline has multiple constituents of non-inert oil as given in aromatic volatile organics: for instance, benzene, toluene, ethyl-benzene, and xylene (BTEX). We found that Soltrol 220 [6, 11] was often used as a LNAPL source in the laboratory source due to its nontoxic compounds (Table II) . The selection of LNAPL source depends on the numerical models to be used in the simulations as well as the types of constituent present in the LNAPL contamination. For example, the STOMP code is applied for non-volatile LNAPL sources such as Soltrol and jet fuel; this code is also known as non-volatile three-phase (NVTP) operational code and is not applicable to multi-component organic compound mixtures. In the past, LNAPL has been dyed with Sudan III at 0.01% by weight [25] to enhance the LNAPL delineation in porous media.
III. LNAPL REMEDIATION EXPERIMENT
The extraction of LNAPL from contaminated soil is commonly conducted through the remediation process and has been studied by numerous researchers. In this paper, the existing remediation technology through experimental investigation is discussed to explain how LNAPL extraction was carried out for remediation. Several methods of enhanced remediation experiments have been conducted previously, as shown in Table III [1] [2] .
A. Surfactant Flushing
Among the various available remediation technologies for organic contaminants, the surfactant based process is one of the most innovative technologies. It is very important to have a better understanding of the mechanisms involved in this process at the laboratory scale to enhance the application of surfactant based technologies for remediation of organic contaminants at sites. A surfactant is used to enhance the rate of remediation, which in turn, may reduce the treatment time of remediation compared to the use of water alone. The degree of solubility enhancement, characterized by the molar solubility ratio (i.e., the moles of contaminant solubilized per mole of surfactant), depends on the combination of NAPL and surfactant. The system of surfactant often exhibits complex behavior in removing organic contaminants whereas, mobilization by lowering interfacial tension and micellar solubilization by surfactants are accepted as the main mechanisms of NAPL removal [28] . Surface-active agents (abbreviated as surfactant) form aggregates like micelles in aqueous media whereas that substances reduce the surface tension of a solvent. The change of surface tension by the dissolution of some compounds originates from the concentration of the surfactant at the surface of the solution. A surface active molecule consists of two parts with opposing characters of hydrophilic (polar part or water attracting) and the other end is hydrophobic (nonpolar or water repelling).
A number of surfactant-enhanced remediation experiments at the intermediate scale with LNAPL [12, [29] [30] [31] have been performed before (Table III) . The first intermediate-scale experiment in which a surfactant mobilized a NAPL was the qualitative test reported by Schwille [12] . Chu et al. [30] used dodecane as LNAPL and the surfactant foam was generated from Bioterge® AS-40 surfactant. Then, Chevalier et al. [29] tried to mobilize a gasoline spill in a variably saturated 2-D flow cell with the use of the surfactant solution dodecyl benzene sulfonate. In a 2-D entrapped LNAPL zone experiment, Saba et al. [31] demonstrated the removal of entrapped p-xylene from a rectangular lens with polyoxyethylene sorbitan monooleate (Tween 80).
B. Alcohol Flushing
Alcohol flushing for environmental purposes, like surfactant flushing, is derived from an enhanced oil recovery technique mainly for crude oil recovery. Many alcohols are mutually miscible in both water and NAPL and possess a great ability to solubilize and mobilize NAPLs as pure phase by a combination of viscous and gravity forces, and via the reduction of interfacial tensions [32] . Alcohols are sometimes referred to as cosolvents when used in combination with surfactants. Alcohols that are considered for remediation (e.g., ethanol, 1-propanol, and 2-propanol) are usually low molecular-weight alcohols that are completely soluble in water. The fact that the specific gravities of LNAPLs and many alcohols are less than 1 provides a tendency for both to accumulate near the water table. Intermediate-scale experiments for LNAPL removal were reported by Grubb et al. [32] [33] and Palomino and Grubb [34] .
Grubb et al. [32] [33] used ethanol flooding to remove the toluene from a 2-D flow cell and observed the toluene to move downward along the water-ethanol interface. The removal rates of toluene in both the homogeneous and heterogeneous systems were estimated to be 80%. Similar experiments were later repeated with the dodecane, octane, and toluene using larger LNAPL volumes [34] and yielded similar results. The researchers considered the high recovery rates (80%) as to be impressive since no optimization was attempted.
C. Soil Vapor Extraction
Soil vapor extraction (SVE) or soil venting is the most commonly used technique for remediation of unsaturated zones of the subsurface contaminated with volatile and semivolatile NAPLs. The technique is also often used in combination with other remediation methods that force the movement of contaminated gas from the saturated to the unsaturated zone. Although SVE applications have yielded considerable amounts of volatile organics in the field, high initial recovery rates are usually followed by long periods of low rates. Heron et al. [35] listed slow diffusion of contaminants from low-permeability soil layers as limiting factors for this technique.
Ho and Udell [36] conducted a series of SVE experiments with single and binary hydrocarbons to visually observe the contaminant removal process and identify the physical mechanisms governing the transport of the contaminants. It was observed that, for all experiments, when air swept through the contaminated zone, the pool receded primarily from the upstream end, with less removal from the sides. In addition, the geometry of both single and binary pools changed in the same manner. They also showed that a permeability ratio of 100:1 was needed for diffusion-limited behavior to exist. For permeability ratios less than this, sufficient air will flow through the contaminated zone to create conditions similar to a homogeneous system.
D. Air Sparging
Air sparging involves the injection of the clean air into the saturated zone of a porous medium in an attempt to volatilize contaminants and transport them to the vadose zone to be removed by soil vapor extraction. The soil vapor extraction system controls the air movement in the subsurface, preventing migration of the contaminated air into uncontaminated areas. Flow cell experiments using air sparging were reported by Rogers and Ong [37] and Waduge et al. [38] .
Rogers and Ong [37] studied the effects of porous medium type, airflow rate, and air channel spacing on NAPL removal increased from 7.5 to 16.2% during the 168-h experiment when the particle size increased from 0.168 to 0.305 mm. The benzene removal efficiency was inversely related to the square of the distance between the LNAPL and constructed air channels. They also claimed that their work suggests that air sparging might be a useful remedial tool for the removal of volatile NAPLs in the subsurface and may be used to slow contaminant migration within the air channel boundaries.
Waduge et al. [38] used air sparging in combination with soil vapor extraction. In their experimental setup, a coarse- grained layer was embedded in an otherwise fine-grained matrix. They achieved different removal efficiencies of the zone source. The highest removal efficiency of 91% was reported when most of the source zone resided in the fine sand matrix and the water table was relatively low. Lower efficiencies were obtained when the toluene was entrapped in the coarse-grained sand. They concluded that it is very difficult to completely remove NAPL from heterogeneous porous media due to complex entrapment.
IV. IMAGE ANALYSIS TECHNIQUE
A number of techniques have been reported previously to measure multiphase fluid contents in laboratory experiments [3] . Photon-attenuation methods such as gamma and X-ray techniques are often used to measure the fluid content accurately. However, the recent nondestructive and nonintrusive technique of saturation imaging (i.e., the photographic method) is gaining popularity for measuring the fluid content due to the disadvantages of other techniques, such as slow measurement times, small simultaneous coverage regions at one time, hazards associated with high energy sources, and demanding experiments [4] [5] [6] 9] . This technique normally incorporates the light reflection method (LRM) or the light transmission method (LTM) with the IAT to produce a highly reliable saturation imaging technique for characterizing and analyzing NAPL migration in 2-D aquifer models. The successful quantification of NAPL saturation using the LTM has been reported by Conrad et al. [39] , Darnault et al. [40] [41] and Glass et al. [42] . The LTM (also called light transmission visualization, or LTV) was first developed by Hoa [43] and improved by Tidwell and Glass [44] in order to measure water saturation, and was subsequently modified by Bob et al. [9] for DNAPL saturation measurement. The LTM was usually conducted using a smaller flow cell, complete with cooling fan and lighting source, which was built in an experimental chamber frame [8, 45] . A thermoelectrically air-cooled charge-coupled device (CCD) camera was used to collect images using a determined-wavelength band-pass filter.
Previously, the LRM was used to investigate NAPL infiltration under controlled lighting conditions such as using only two tungsten filament floodlights to illuminate the flume front wall in a dark room [5, 46] . Problems such as reflections of the camera or other peripheral equipment appears on the sand tank walls can be eliminated by placing a black curtain or sheet of black felt in front of the tank. Photographs are taken through a slit or hole in the curtain, as shown in Figure 1 . Compared to the LTM, the LRM [5] [6] [7] [46] [47] is more applicable and has a more accessible light source arrangement for larger 2-D chambers.
All photographic methods acquire images using either a digital camera or a video camera, depending on the image specifications for later processing. Usually, if colored images are recorded in a red, green and blue (RGB) color system, they are converted to the hue, saturation and intensity (HSI) format prior to quantification of the fluid contents [41] . In the HSI format, images are interpreted to a certain intensity corresponding to a grey lev images are captured using monochromatic device (CCD) cameras, the recorded inte directly converted to fluid saturations ac standard optical density (OD), which is giv cameras and porous media. Thus, some im steps can be skipped to expedite image analy The use of high-end CCD cameras and im software such as Image-Pro Plus (Media Cy makes analyses easier and faster. Scientific which can provide high-resolution mono images, use various intensities of reflected l the image processing and thereby obtain (OD) values. The optical densities of an (AOI) are related to fluid saturation by the st a band-pass filter. Researchers have attem LRM with the IAT for quantitative measure saturation in laboratory experiments [5- determine the multiphase fluid content, t relationships between optical density and developed and extended to three-phase flu [5] . Darnault et al. [40] [41] investigated t between the HSI format, which is calculated intensities of transmitted light and the wat dyed water-oil system. They found that a lin exists between the hue and water content.
Multiphase fluid content measuremen contamination in the unsaturated zone req curves. Kechavarzi et al. [5] develop calibration curves from 74 samples con known amounts of NAPL and water in cir with volumes of 28.1 cm 3 and surface a Images of these mixtures were captured us white digital near infrared camera (Koda DCS420IR) with sensing wavelengths of 50 nm. All images were analyzed using the Following the same technique, Flores et a different Toyoura sand samples containin water. The samples were packed in a 1-D dimensions of 3.3×3.5×50 cm and photog consumer-grade digital camera (Nikon D70 500-nm band-pass filter. Images were MATLAB R2006a.
McNeil et al. [48] have modified the im steps used by Schincariol et al. [49] In this paper, enhanced remediation experiments of surfactant flushing, alcohol flushing, soil vapor extraction, and air sparging are discussed to explain how LNAPL extraction was carried out for remediation study. The requirements and image processing in the IAT are also highlighted from the existing researches. From the discussion, this nondestructive and nonintrusive technique can provide safer and larger coverage of regions for saturation imaging of LNAPL distribution in porous media compared to other techniques.
As more researchers come to prefer nondestructive and nonintrusive techniques, the LTM, the LRM, and the MIAT were alternatives that acquire images by using either a digital camera or video camera and image processing. The ImagePro Plus software (Media Cybernetics Inc.) and MATLAB with an up-to-date toolbox were the popular choices for image processing. Overall, this paper has discussed the laboratory works to produce a highly reliable saturation imaging and current visualization technique for characterizing and analyzing NAPL migration in 2-D aquifer models.
